Abstract The California National Primate Research Center maintains a small colony of titi monkeys (Callicebus cupreus) for behavioral studies. While short tandem repeat (STR) markers are critical for the genetic management of the center's rhesus macaque (Macaca mulatta) breeding colony, STRs are not used for this purpose in the maintenance of the center's titi monkey colony. Consequently, the genetic structure of this titi monkey population has not been characterized. A lack of highly informative genetic markers in titi monkeys has also resulted in scant knowledge of the species' genetic variation in the wild. The purpose of this study was to develop a panel of highly polymorphic titi monkey STRs using a cross-species polymerase chain reaction (PCR) amplification protocol that could be used for the genetic management of the titi monkey colony. We screened 16 STR primer pairs and selected those that generated robust and reproducible polymorphic amplicons. Loci that were found to be highly polymorphic, very likely to be useful for parentage verification, pedigree assessment, and studying titi monkey population genetics, were validated using Hardy-Weinberg equilibrium and linkage disequilibrium analyses. The genetic data generated in this study were also used to assess directly the impact on the colony's genetic diversity of a recent adenovirus outbreak. While the adenovirus epizootic disease caused significant mortality (19 deaths among the 65 colony animals), our results suggest that the disease exhibited little or no influence on the overall genetic diversity of the colony.
Introduction
Titi monkeys (Callicebus spp.) are small new world monkeys (NWMs) that belong to a large, diverse genus of platyrrhines that are widely distributed in tropical regions in South America. They are longhaired, brown-colored, and lack prehensile tails, with adults of the species weighing about 1 kg (Hershkovitz 1988) . Field studies of titi monkeys have focused on various aspects of their social organization and behavioral ecology. They are socially monogamous and live in groups typically consisting of an adult pair and one or two young (Valeggia et al. 1999) . Laboratory studies have also broadened our knowledge of them by providing some insights into their mating and parenting behavior. Experimental findings with mating pairs of titis have shown that both sexes strongly prefer each other over strangers in choice tests, even after the mates have been separated for days (Fernandez-Duque et al. 2000) . Adult males exhibit parental behavior, which includes marked interaction with infants starting from the first few days of the infants' lives (Valeggia et al. 1999; Mendoza and Mason 1986) . Although much has been discovered about the social structure and behavior of titi monkeys, no study of their genetic relationships, including the confirmation of parentage via genetic tests, has been conducted in wild or captive titi monkeys.
Approximately 30 species of Callicebus are currently recognized, constituting a considerable proportion of total platyrrhine species richness (Gualda-Barros et al. 2012; Becker et al. 2013 ). The genus is one of the best examples of karyological diversity in NWMs because the diploid numbers among the 30 species range from 2n = 16 to 2n = 50 (Stanyon et al. 2003) . Despite this karyological diversity, the genetic variability at the population level in titi monkeys is still poorly described relative to that of other species of NWMs. In addition to the importance of understanding evolutionary processes, knowledge of the genetic variability of any species is important for the analysis of population dynamics, including long-term viability in the context of factors such as inbreeding and genetic drift (Menescal et al. 2009 ).
In the wild, the coppery, or red, titi monkey (C. cupreus) is found in Brazil, Colombia, Ecuador, and Peru (Kinzey 1981; Hershkovitz 1990; van Roosmalen et al. 2002) . According to van Roosmalen et al. (2002) , C. cupreus and C. moloch groups are not only allopatric but sympatric with C. torquatus groups. The Delta Regional Primate Center began the first significant breeding program for the C. cupreus in 1965 (Lorenz and Mason 1971) . In 1971, the California National Primate Research Center (CNPRC) established a closed colony of 84 C. cupreus individuals descended from founders of the Delta Regional Primate Center (Covington, LA, USA) colony, which was augmented by other introductions in 1990 (Lorenz and Mason 1971; Becker et al. 2013) . The CNPRC titi monkeys are housed in small social groups (Mason 1966) and used in research primarily involving behavioral and neurobiological studies. Because differences in genetic structure and composition of captive-bred colonies influence their suitability in research, understanding these population genetic characteristics will support the development of appropriate animal models for research. Moreover, colony management employing sound genetic management approaches enhances the production of nonhuman primates (NHPs) for research within the National Primate Research Center system (Kanthaswamy et al. 2012 ).
This study was initiated to assess the genetic structure and diversity among titi monkeys housed in the CNPRC using a panel of short tandem repeats (STRs) for crossspecies polymerase chain reaction (PCR) amplification. STR loci are suitable for population studies because of their abundance in eukaryotes and their highly polymorphic nature (Hughes and Queller 1993) . STRs have been used to perform parentage analyses and to assess population genetic variability in many NHP populations (Moore et al. 1998; Rogers et al. 2005; Kanthaswamy et al. 2006) and are extremely useful in genetic management of captive primate colonies (Kanthaswamy et al. 2010 (Kanthaswamy et al. , 2012 .
Cross-species amplification uses loci characterized in one species to genotype representatives of another, usually closely related, species. Because the identification of novel species-specific STR markers is time and labor intensive, cross-species amplification has been widely used in NHPs (Chambers et al. 2004) . To minimize ascertainment bias that can lead to underestimates of some genetic parameters, such as genetic diversity, these polymorphic markers are typically selected among those identified in as closely a related species as possible. The titi monkey colony at the CNPRC is ideal for validating a panel of STRs developed using cross-species amplification, because their pedigrees have been categorized based on multigenerational colony records and banked blood and DNA samples from members of these pedigrees.
Using samples from the CNPRC's titi monkey biomaterial repository, this study evaluated 16 candidate STR primer pairs (12 of which were originally identified in NWMs) that have been developed for PCR amplification and fragment analysis. Markers that exhibited Mendelian properties were used to compute allele frequencies, as well as observed and expected heterozygosity. These data were then used to characterize the genetic structure of the colony.
Since the titi monkeys studied experienced a deadly outbreak of fulminant pneumonia and hepatitis that struck the CNPRC in May 2009 (Chen et al. 2011) , we investigated the levels of genetic diversity, genetic structure, and inbreeding both prior to and after the viral epizootic disease. The outbreak, which lasted 3 months, was attributed to a novel adenovirus that infected 23 of 65 titi monkeys in the colony. Most animals that developed symptoms that progressed to fulminant pneumonia and hepatitis were random individuals that were housed in cages located close to those few that developed the acute respiratory illness earlier during the outbreak. Subsequently, 19 of the 23 affected animals died or were euthanized due to complications from infection (Chen et al. 2011) . Because infectious diseases and their demographic consequences influence the genetic composition of populations, we used the genetic information from this study to determine the impact of the outbreak on the colony's genetic diversity. While the loss of only between one quarter and one third of a population does not constitute a dramatic genetic bottleneck, the random-sampling effects associated with such loss yields unpredictable effects on genetic diversity that require empirical documentation.
Methods
The 16 STRs described in Table 1 were screened and PCR amplification conditions optimized using 50 DNA samples from the CNPRC's titi monkey biomaterial repository. These samples were obtained from animals that were housed at the CNPRC before (N = 49) and after (N = 39) the adenovirus outbreak in the colony. The STR loci were previously amplified in closely related species of NWMs, including Alouatta belzebul (Goncalves et al. 2004; Menescal et al. 2009 ), Lagothrix lagotricha (Di Fiore and Fleischer 2004) , Cebus capucinus (Muniz and Vigilant 2008) , and Aotus azarai (Babb et al. 2011) , minimizing the effect of ascertainment bias. Screening and subsequent genotype analysis was performed at the Molecular Anthropology Laboratory, Department of Anthropology, STR alleles were genotyped using a genetic analyzer (model Applied Biosystems Ò 3130xL; Life Technologies) and the sizes determined through comparison with an internal size standard (Applied Biosystems Ò GeneScan TM 500 LIZ TM ; Life Technologies). All reactions were run with negative controls to monitor contamination. Only markers that generated robust, reliable, and reproducible amplicons were used in subsequent analyses.
Genotypes were examined for probable scoring errors due to stutter or large allele dropout, and incidences of null alleles were examined using Micro-Checker version 2.2 (van Oosterhout et al. 2004 ). GENEPOP 4.2 was used to test for adherence to Hardy-Weinberg equilibrium (HWE) and to detect linkage disequilibrium (LD) among pairs of markers at the 0.05 level of probability using Fisher's exact tests (Raymond and Rousset 1995) . Unbiased P values were generated by the Markov Chain Monte Carlo (MCMC) approach (Guo and Thompson 1992) with 5,000 iterations per batch. Banked DNA samples from 17 known family trios (sire, dam, and offspring) housed in the colony prior to the adenovirus outbreak were used to confirm Mendelian segregation of alleles across all STR loci.
Arlequin version 3.5.1.3 (Excoffier et al. 2005 ) was used to calculate genetic diversity among the study animals by calculating allele numbers (N a ), observed heterozygosity (OH), and estimating gene diversity [expected heterozygosity (EH)]. The same software was used to compute Wright's (Wright 1978 ) F statistics: F IS (inbreeding coefficient), F ST (total coancestry or population subdivision coefficient), and F IT (total fixation coefficient). These parameters estimate the combined loss of heterozygosity due to nonrandom mating. In addition, an analysis of molecular variance (AMOVA) was conducted to estimate population differentiation.
Fisher's exact probability test using the Markov chain analysis (10,000 dememorizations; 10,000 iterations per batch, 1,000 batches) was carried out to establish whether there were differences in genetic diversity between titi monkeys that survived the adenovirus outbreak of 2009 (Chen et al. 2011) and those that succumbed to it. Under a null hypothesis postulating significant allelic differentiation between survivors (N = 36) and the dead (N = 10), the homogeneity test was performed using GENEPOP 4.2 (Raymond and Rousset 1995) . Because of the small samples compared with the level of genotypic variability (all individuals were genotypically unique), comparisons of allelic differentiation across loci used genic rxc (rows times columns) tables rather than genotypic tables, as recommended by Goudet et al. (1996) for a more robust analysis. Differences in genetic diversity between the surviving and deceased titi monkeys was also assessed using a one-sided Mann-Whitney U test.
Although it has been claimed that different species of titi monkeys can be distinguished based on differences in pelage, body color, and pattern (Hershkovitz 1988) , body length and weight C. cupreus and C. moloch exhibit significant phenotypic overlap, making it difficult to differentiate the two species (Hershkovitz 1990) . While earlier studies on the CNPRC titi colony reported that these individuals represent the species C. moloch (Valeggia et al. 1999) , it is not known whether or not the founding stock of the titi colony at the CNPRC represents a diversity of species or subspecies. To determine whether allele frequencies and distributions are representative of two or more species or subspecies of titi monkeys, we used STRUCTURE 2.3.4 (Pritchard et al. 2000) to calculate the assignment index and determine the relative probabilities of assignment of an animal to K or more genetically discrete clusters based on that animal's genotypes. The analysis was run at sweeps of 5 9 10 5 iterations after a burn-in period of 10 5 with and without a priori population information for K values from 1 to 5. K values were graphed with their respective posterior probability Ln P(D); the K value with the highest Ln P(D) and smallest variance between runs was selected as the true K value.
In addition to determining parentage visually by match comparison, CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al. 2007 ) was used to confirm assignments of parentage based on categorical allocation (Jones et al. 2010) to verify the parentage for titi monkeys probabilistically. The natural logarithm of the likelihood odds ratio (LOD) was calculated for parentage assignments involving every adult in the colony. An individual was assigned paternity or maternity if his or her likelihood was sufficiently higher than the second most likely adult male or female, respectively (Walling et al. 2010) .
Results
Eight of the 16 screened loci amplified robustly and provided complete and reproducible genotype profiles for 49 of the 50 samples and yielded multiple alleles per locus. Of the 49 samples, 39 were from survivors of the outbreak. The eight STR loci were statistically unlinked and in HWE. Micro-Checker confirmed that these markers did not exhibit any null alleles. Primer sequences, repeat motif, and allele size ranges of each of these eight STR markers are provided in Table 2 , as are allelic richness (N a ), observed heterozygosity (OH), and gene diversity or expected heterozygosity (EH) for each of the eight loci. Alleles observed at each locus fell within variable size ranges. The eight markers exhibited an average of approximately six alleles per locus, an average OH of 0.735 (range 0.15-1.00), and an average estimate of EH) of 0.67 (0.14-0.87). OH estimates exceeded EH estimates for seven of the eight loci.
Fisher's exact test using the Markov chain algorithm did not reveal any significant differences in allelic composition between the 36 surviving and the ten deceased animals (P value [ 0.05; Table 3 ). Furthermore, based on a onetailed Mann-Whitney U test where the critical value of U was computed to be 15 at P value B 0.05 and n 1 and n 2 = 8, respectively, there were no significant differences between measurements of N a (U value = 29.0), OH (U value = 31.0), or EH (U value = 31.0) between animals that survived the viral outbreak (N = 39) and those that died (N = 10) ( Table 3) . A match comparison of genotypes between 17 known family trios (offspring, dam, and sire) revealed no deviations from Mendelian inheritance. Parentage based on colony breeding records was confirmed for 16 (94.12 %) of the 17 offspring in this study. The highest trio LOD scores for these 16 cases ranged from 0.584 to 12.443. All parentage assignments were additionally supported at the 95 % confidence level by the maximum likelihood method calculated by CER-VUS. The single exception that resulted in unresolved parentage was due to failed amplification of STRs in the sample of the offspring of one trio.
Estimates of both F IS and F ST were negative whether the sample set was divided into: (1) titi monkey colony (N = 49) before and after (N = 39), or (2) animals living after the viral outbreak (N = 39) and those that perished (N = 10). Negative F IS estimates result when the number of OH exceeds expectation (Wright 1978) , suggesting that the CNPRC titi colony is not highly inbred. As estimates of F ST were also negative, the two pairs of groups that were compared are genetically homogeneous or undifferentiated.
AMOVA showed that the estimate of within-group diversity is much larger than the estimate obtained from variance between groups (Table 4 ). In fact, the additional variance component due to variance among groups (i.e., the F ST ) is zero, and all genetic variation (*100 %) stemmed from differences between individual samples within each of the two data sets (Table 4) . This is consistent with estimates of F ST , confirming the absence of any influence of the viral outbreak on the genetic structure of the titi monkey population.
Results of the STRUCTURE analysis for K = 1 with no prior population information exhibited the highest posterior probability and the least variance compared with those for K = 2 (or greater). All individuals included in the analysis were assigned to a single cohesive and discrete genetic cluster (data not shown).
Discussion
The genetic structure of captive colonies of NHPs must be characterized and monitored to preserve genetic variability and minimize genetic subdivision (Kanthaswamy et al. 2006) . The identification of parentage, which allows pedigree construction and consanguinity level estimations within the small captive titi monkey colony will facilitate maintenance of its genetic variation. The panel of eight STRs allowed us to determine accurately the sires and dams of all but three offspring born each year since 1971 at the 95 % confidence level. As such, the panel meets the standards for parentage testing for genetic management of the titi monkey colony at the CNPRC. Mean heterozygosity estimates (OH and EH) for all but two markers, 311 and 1115, were at least comparable with those in other NWMs in which they were identified (Di Fiore and Fleischer 2004; Goncalves et al. 2004; Muniz and Vigilant 2008; Menescal et al. 2009; Babb et al. 2011) , reflecting the absence of significant ascertainment bias. The mean estimates of OH and EH of the captive titi monkey population (0.74 and 0.70, respectively) were greater than those estimated for a sample set of 23 animals from a wild population of redbellied titis (C. moloch) in eastern Amazonia (0.33 and 0.63, respectively) (Menescal et al. 2009) . While the low level of genetic variability in the wild population could have been due to sampling error from the use of only four STR loci or the small size of the wild population, it is also plausible that breeding-colony management has resulted in producing more heterozygotes by minimizing mating between relatives, or by the avoidance of inbreeding by the monkeys themselves, which would be consistent with their negative F IS estimate. Greater variability among study animals, based on N a , OH, and EH estimates, has been observed in other species of captive NHPs, such as rhesus and pigtail macaques, compared with their wild counterparts (Kanthaswamy et al. 2010 (Kanthaswamy et al. , 2012 . This difference is probably due in part to the acquisition of founders of captive colonies from multiple geographic sources.
Since emerging infectious agents remain a threat to laboratory-reared NHPs, it is important to study the effect Results of the AMOVA analysis among those that survived and those that died are in parentheses that a specific zoonotic disease has on both genetic heterogeneity and colony health (Bailey and Mansfield 2010) . A comparison of genetic diversity and genetic subdivision before and after the viral outbreak and between survivors and nonsurvivors of the outbreak revealed no significant differences, implying that no loss of variability occurred among colony animals that could be directly attributed to the viral epizootic disease. The estimates of F statistics (F IS , F ST , F IT ) for the captive titi monkey colony suggest that there are no significant deviations from panmixia (random mating). As colony breeding and pedigree records confirm, three incidences of mating between parents and offspring occurred more than a decade ago, notwithstanding the negative F IS values. Given the small size of the colony and panmixia, more instances of consanguineous matings would be expected than were observed, suggesting that colony managers have become more effective in minimizing mating between relatives. Moreover, these animals represent a small closed colony in which mating between close relatives is generally avoided. The excess of heterozygosity responsible for the negative estimate of F IS is probably a result of consanguineous mating prevention by the colony managers and the avoidance of inbreeding by the colony animals themselves.
STRUCTURE failed to distinguish more than one genetic cluster among the animals tested, implying that there is a marked genetic homogeneity of C. cupreus monkeys without any evidence of interspecies admixture or population structure (genetic subdivision). Therefore, based on the current data, no gene flow from C. moloch or C. torquatus is evident. However, without reference DNA samples from these three species, it is not possible to verify this observation. Lacking data to indicate otherwise, it must be assumed that all founders of the titi monkey colony represent the species C. cupreus.
It is worth noting that this study is limited in scope, and it is necessary to increase both sample size and the number of loci to illustrate the advantages of such comparisons as those made in this study. Other studies have shown that cross-species amplification using common STR markers may pose a greater challenge than was previously appreciated (Smith et al. 2000; Chambers et al. 2004) . In those studies, cross-species amplification was proven to be successful for a majority of markers tested, although allele numbers and frequencies of some loci in the new population of interest are likely to be lower and contribute less statistical power to the analysis of the new species than to analyses of populations in which the loci were originally identified (Chambers et al. 2004) . With the increasing efficiency of microsatellite discovery (Zane et al. 2002) and the lower success rate of cross-species amplification in new world primates (Ellsworth and Hoelzer 1998) , it may be worthwhile to consider establishing species-specific primers for titi monkeys. However, results of our study provide both a baseline by which to continue investigating this species and rationale for further exploring these and additional cross-species STRs for studying mating systems and population genetic structure in titi monkeys.
